ABSTRACT: Low back pain due to disc degeneration is a major cause of morbidity and health care expenditures worldwide. While stem cell-based therapies hold promise for disc regeneration, there is an urgent need to develop improved in vivo animal models to further develop and validate these potential treatments. The objectives of this study were to characterize a percutaneous needle injury model of intervertebral disc degeneration in the mouse caudal spine, and compare two non-invasive quantitative imaging techniques, microcomputed tomography and magnetic resonance imaging (MRI), as effective measures of disc degeneration in this model. Percutaneous needle injury of mouse caudal discs was undertaken using different needle sizes and injury types (unilateral or bilateral annulus fibrosus (AF) puncture). Mice were euthanized 4 weeks post-injury, and MRI and microcomputed tomography were used to determine T2 relaxation time of the NP and disc height index, respectively. Disc condition was then further assessed using semiquantitative histological grading. Bilateral AF puncture with either 27 or 29G needles resulted in significantly lower T2 relaxation times compared to uninjured controls, while disc height index was not significantly affected by any injury type. There was a strong, inverse linear relationship between histological grade and NP T2 relaxation time. In this study, we demonstrated that quantitative MRI can detect disc degeneration in the mouse caudal spine 4 weeks following percutaneous needle injury, and may therefore serve as a surrogate for histology in longitudinal studies of both disc degeneration and cell-based therapies for disc regeneration using this model. ß
Low back pain secondary to disc degeneration is a major cause of morbidity, lost productivity, and health care expenditures worldwide. [1] [2] [3] [4] [5] [6] Conservative treatments consist of pain medications and physical rehabilitation. Fusion surgery for refractory cases is largely destructive in nature, alters the normal biomechanics of the spine, has limited efficacy, and may increase the risk of adjacent level disease. 7, 8 There is an urgent need to develop new regenerative therapies that not only alleviate symptoms but also restore disc structure and function.
Injectable, biological treatment strategies, such as stem cells, hold significant promise in this regard; however, effective experimental study of such therapies requires an animal model that recapitulates the mild to moderate disc degeneration that would be targeted in human patients. While large animal model evaluation is a requisite preclinical step, initial in vivo mechanistic and screening studies necessitate the use of small animal models such as mice, where established techniques in genetic manipulation permit mechanistic studies of stem cell-mediated regeneration, and lower costs enable higher throughput experimentation. [9] [10] [11] Most small animal models of disc degeneration have utilized rabbits [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] or rats, [22] [23] [24] [25] [26] [27] [28] [29] as the size scale of mice presents greater technical challenges. One of these challenges is the risk of inducing severe degeneration, in which there is complete loss of healthy nucleus pulposus (NP) tissue, biomechanical integrity, and normal disc height, which is not well-suited for studying the regenerative properties of cell-based therapies. 30 Most published small animal models have adopted an open approach in which an incision and soft tissue dissection are utilized to expose the disc space. [30] [31] [32] Developing an injury system for inducing milder degeneration that minimizes interruption of surrounding tissue architecture may produce a more physiologic model and reduce scarring that may impair cell delivery. A percutaneous needle injury approach may achieve this goal 33 but has not been studied extensively in mice. Additionally, identifying the optimal injury size to induce moderate disc degeneration is critical and has only been studied in mice to a limited extent. 34 Validation of robust, non-invasive, quantitative techniques for assessing disc condition in mouse models of disc degeneration is essential to maximize the utility of these models in the study of therapeutics. Sensitive imaging techniques that measure clinically meaningful metrics such compositional changes and loss of disc height are of particular value but are challenging to implement in mice due to size constraints. Previously, microcomputed tomography (mCT) has been applied successfully to measure volumetric disc height changes in a mouse model of severe disc degeneration. 30 Quantitative magnetic resonance imaging (MRI) has been successfully applied to assess disc condition in humans and a range of animal models, including rats. 27, [35] [36] [37] T2 relaxation time, specifically, has been validated as an effective surrogate for disc composition, including hydration state and proteoglycan content. [38] [39] [40] To our knowledge, few studies have applied quantitative MRI to determine T2 relaxation values to assess disc condition in murine models, 37 and none, to our knowledge, have done so in mice.
The first objective of this study was to optimize a percutaneous needle injury model of intervertebral disc degeneration in the mouse caudal spine, and specifically, to investigate the relationship between needle size, unilateral or bilateral annulus fibrosus (AF) puncture, and degenerative grade in this model. The second objective was to compare two, non-invasive quantitative imaging techniques, mCT and MRI, as effective surrogates for disc degeneration in the mouse caudal spine confirmed through semi-quantitative histological grading.
METHODS

Animals and Surgical Procedure
Animal studies were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania. Adult male C57BL/6 mice (31 mice, aged 6-8 months) were obtained from Jackson Laboratories (Bar Harbor, ME). Surgeries were performed at the C7/8 and C9/10 levels of the caudal spine with standard aseptic technique, with each level randomly assigned to one of six different injury types (n ¼ 10 discs per group, Fig. 1A ). Either 31G, 29G, or 27G custom-made needles with a 45˚bevel (Hamilton Company; Reno, NV) were utilized (Fig. 1B) and inserted into the NP through a unilateral annular puncture or through the AF, NP, and the contralateral AF (bilateral puncture) under fluoroscopic guidance (Fig. 1C) . Injured levels were marked on the adjacent skin using ink tattoo. The C8/9 levels served as intervening controls (n ¼ 30). Following surgeries, animals were returned to their cages, resumed normal activity, and were euthanized 4 weeks later. Mouse tails were then removed via sharp dissection, sealed in plastic to prevent dehydration, and frozen at À20˚C. Importantly, the imaging studies described below were undertaken with skin and other surrounding tissue intact, in order to minimize unintended trauma to the disc space that might confound results.
Magnetic Resonance Imaging
Frozen mouse tails were thawed, sealed in plastic wrap and imaged on a 4.7T MRI scanner. Scans were performed using a DDR console (Agilent; Palo Alto, CA) interfaced to a 4.7T horizontal bore magnet (Magnex Scientific Limited; Abington, UK) using a custom-made 11 mm diameter solenoid coil. A series of mid-coronal slices for T2 mapping (TE ¼ i Ã 11.14 ms, i ¼ 1, 2,3,. . .16; 16 echo times in total) were obtained with an in-plane resolution of 97.7 mm and a 0.5 mm slice thickness. The bandwidth was 100 kHz. T2 maps of one mid-coronal slice from each sample were then generated in ImageJ in a pixel-wise fashion using a simplex algorithm (MRI Analysis Calculator plugin, NIH, Bethesda, MD). The NP region was then manually contoured to calculate mean T2 values. To maintain consistency between samples, the NP base was defined as a central 9-pixel wide region. Average T2 maps of the intervertebral discs in each experimental group were generated using custom Matlab software, as previously described. 35, 36 Briefly, for each individual T2 map, the disc was manually segmented and, using principle component analysis, T2 maps linearly transformed to a fixed dimension grid with regularly spaced points within a rectangular coordinate system. Once mapped to a standardized grid, T2 values could be averaged among experimental groups on a pixel-by-pixel basis. To confirm the reproducibility of this MRI technique, one uninjured caudal disc from one additional 6 month old C57BL/6 mouse was imaged three successive times. In between scans, the tail was removed from the coil and the coil was removed from the scanner, then both were repositioned. Nucleus pulposus T2 relaxation time was calculated for each scan, and the mean, standard deviation and coefficient of variation were calculated.
Microcomputed Tomography
Microcomputed tomography imaging was performed on mouse tails at 10 mm isotropic resolution (300 ms integration time, 55kVp, 72 microA) using a mCT35 scanner (Scanco; Br€ uttisellen, Switzerland). Volumetric calculations of disc height for experimental levels and intervening controls were performed in Matlab (V9.2.0; Mathworks; Natick, MA) using a custom program adapted from a previous method. 30 Disc height was calculated as the distance between the superior endplate and inferior endplate averaged over the entire disc. Average proximal vertebral body height was measured in a similar fashion and defined as the sum of average superior endplate, inferior endplate, and mid-vertebral body measurements. To calculate disc height index (DHI), average disc height was divided by the average height of the proximal vertebral body.
Histological Assessment
Following MRI and mCT imaging, mouse tails were fixed for 5 days in buffered 10% formalin and decalcified (Formical 2000; Decal Chemical Corporation; Tallman, NY) as assessed by radiography. Samples were processed into paraffin and sectioned at 7 mm thickness. Mid-coronal sections were double-stained either with Alcian blue and picrosirius red (AB&PR) to demonstrate glycosaminoglycans and collagens, respectively, or hematoxylin and eosin (H&E) to evaluate disc morphology and cellularity. Blinded semi-quantitative grading of slides for both stains was performed by three assessors (M.P., S.E.G., and L.J.S.) using a continuous scale (Table 1) adapted from Gullbrand et al. and Masuda et al. 15, 41 The grading scale assesses four properties of the disc (AF organization, AF/ NP border, NP extracellular matrix (ECM) content, and NP cellularity), scored from 0 to 100 with greater scores indicating worse histological grade (i.e., more degenerate disc). A total score was calculated by summing each category (0 to 400). Prior to grading, blinding was accomplished by assigning a random number from 0 to 100 to each AB&PR and H&E section. Individual subcategory and total scores of the reviewers were averaged prior to statistical analysis.
Statistical Analysis
Where data were normally distributed, as assessed by the Shapiro-Wilk test for normality, statistical differences between study groups were established using one-way analyses of variance (ANOVA), and data were presented as mean AE standard deviation (SD). For absolute disc height and DHI, to account for inter-animal differences in disc size that might add variability to these outcomes, a generalized linear model was used with animal included as a random variable to control for this potential confounder. Where data were not normally distributed, Kruskall-Wallis multiple comparisons tests were performed (specifically, for histologic grading analysis), and data were presented as median and interquartile range (IQR). Where appropriate, Dunnett's test was performed to establish pair-wise significant differences between injury groups and the control group. Inter-assessor reliability was assessed using the intraclass correlation coefficient. Linear regression analysis was used to establish significant correlations between histologic grade and imaging outcome metrics. Correlation strength was defined as follows: R ! 0.7 as strong, 0.4 r < 0.7 as moderate, and r < 0.4 as weak. In all cases, significance was defined as p < 0.05. All statistical analyses were performed using SPSS (IBM; Armonk, NY).
RESULTS
Magnetic Resonance Imaging
All animals successfully underwent surgeries, survived the duration of the study, and were sacrificed for post-mortem analyses at 4 weeks post-surgery. Representative echoes illustrating T2 relaxation times for a control disc and a disc that received a bilateral injury with a 27G needle are shown in Figure 2A . T2 relaxation times for the NP differed Figure 2C . Reproducibility of the MRI technique was confirmed by imaging one uninjured caudal disc three successive times. Nucleus pulposus T2 relaxation time was 75.3 AE 2.8 ms, which corresponds to a coefficient of variation of 3.8%.
Microcomputed Tomography
Disc height index was not significantly different between experimental groups (Fig. 3) . Similarly, for absolute disc height measurements, there were no significant differences between injury and control groups. A generalized linear model, with AF puncture type (unilateral or bilateral) and needle size as fixed factors, did demonstrate that puncture presence and type had a significant effect on DHI (p ¼ 0.018). The effect of animal on disc height overall was significant (p < 0.001). Adjusted DHI for control, unilateral AF puncture, and bilateral AF puncture were 0.111 AE 0.016, 0.114 AE 0.016, and 0.105 AE 0.014, respectively.
Histological Assessment
Blinded semi-quantitative histological assessment revealed overall differences in histologic grade between experimental groups (p ¼ 0.002; Fig. 4A ). Specifically, (Fig. 4B-E ), there were overall differences between experimental groups for AF organization (p ¼ 0.001), AF/NP border (p < 0.001), NP ECM content (p < 0.001), and NP cellularity (p < 0.001). Again, post-hoc analysis for each of these subcategories, with the exception of the NP ECM score, revealed 
DISCUSSION
In this study, we optimized a novel, percutaneous caudal disc injury model for disc degeneration in the mouse. This work enhances and extends previous 
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work that demonstrated that a percutaneous injury (26G needle) can successfully initiate histologically identifiable degeneration in mouse caudal discs. 33 We have established the threshold needle size and puncture type required to generate disc changes detectable by both quantitative MRI and semi-quantitative histology (bilateral AF puncture with a 29 or 27G needle). Of note, while bilateral AF puncture resulted in NP changes consistent with degeneration, including shorter T2 relaxation times and histological changes, it did not induce statistically significant alterations in disc height compared to controls. The histological changes reported (lamellar disorganization, decreased cellularity, and altered ECM composition in the NP) are consistent with prior needle injury models of disc degeneration in the mouse. 30, 32, 33 Unilateral puncture with any needle size was not able to elicit statistically significant degenerative changes as assessed by either MRI or histologic grade. This finding contrasts with prior mouse needle injury models in which loss of disc height was observed. 30, 32 Prior studies used an open surgical approach to expose the AF surface prior to injury. Our findings may suggest that a less invasive percutaneous injury technique, that preserves adjacent skin, muscle and tendon structure, and likely minimizes local scarring and inflammation, may result in milder degenerative changes. It is also possible that allowing degeneration to progress for longer than 4 weeks may result in greater disc height changes.
Non-invasive approaches to assessing disc condition that correlate with clinically meaningful metrics (such compositional changes and loss of disc height) are critical outcome measures for the successful application of small animal models in the study of disc degeneration and associated therapies. The small size of the mouse disc likely makes the effective application of standard non-invasive metrics for assessing disc degeneration, such as subjective Pfirrmann grading from MRI, and disc height changes from two dimensional and low resolution plain radiographs challenging and insensitive. While a correlation between T2 signal intensity within the NP and histological grade has been previously demonstrated in a mouse model of disc degeneration, 31 as well as other small animal models, 19 ,27 the present study is the first to successfully apply quantitative MRI, using T2 relaxation times, to assess disc degeneration in a mouse model. Importantly, our findings demonstrate a strong, inverse linear relationship between histological grade and NP T2 relaxation time, a surrogate for tissue hydration and proteoglycan content. 38 This suggests that quantitative MRI imaging can be utilized in vivo as an effective non-invasive surrogate for histological changes in longitudinal studies of disc degeneration and regeneration.
Quantitative MRI of the mouse disc is not without its challenges. Population average T2 maps of the whole discs (Fig. 3) revealed an area of low signal within the central portion of the NP in control discs which abates with more aggressive injuries, although incompletely. This area of low signal is associated with the cell-rich notochordal remnant that persists in the healthy adult mouse disc, and histological analysis revealed a decrease in NP cellularity with more aggressive injuries (Fig. 4) . Hence, quantitative T2 imaging of the NP may be less sensitive at detecting very mild injury, in which disappearance of the cell-dense region of the notochordal remnant may lead to an increase in the average T2 values in the NP, even with concomitant mild dehydration and proteoglycan loss. This may explain the higher (non-significant) T2 values for the 31G unilateral puncture group compared to control.
The percutaneous injury technique, which relies on fluoroscopic guidance for accurate needle placement, and does not permit direct visualization of the AF surface, is also not without challenges. While histological analysis revealed significant differences in degenerative grade between 29G and 27G bilateral puncture and control groups overall, there was still substantial variation within each experimental group. It was observed that each group had at least one nearly histologically normal intervertebral disc (Figs. 5 and 6) . A possible explanation for this variability is inconsistent needle placement. For example, a needle that passes obliquely through the AF my not result in NP depressurization. This underscores the importance of utilizing robust noninvasive in vivo imaging that can confirm the existence of degenerative changes for injured discs prior to delivering therapies.
This study has a number of limitations. First, biomechanical changes, as a consequence of degeneration, were not assessed. However, previous work has demonstrated that puncture of the mouse disc with a 26G needle resulted in only acute, non-progressive, significant biomechanical changes in compression and torsion. 30 Second, in the current study we did not discriminate between those degenerative changes that occurred due to traumatic injury and those which occurred subsequent to injury, driven by biological processes. In particular, establishing inflammation as an active mediator of progressive degenerative changes in this model would further enhance its physiological relevance. Third, we examined only one time point (4 weeks post-injury), and it is possible that, while we were able to detect degenerative changes on MRI and histology for the 27G and 29G bilateral injury groups, these changes may have progressed further and/or other injury groups may have exhibited detectable degenerative changes if additional, later time points were also assessed. Future studies will utilize in vivo quantitative MRI to assess degeneration that occurs over time. Fourth, in this study we did not perform quantitative biochemical assays to determine GAG content within the NP, and our assessments of ECM changes were limited to histological evaluations. Finally, all imaging was performed ex vivo; however, given that significant care was taken to minimize disruption to tissue structure and composition, we expect our results to be comparable to those obtained in vivo.
CONCLUSIONS
In the present study, we demonstrate that quantitative MRI can detect disc degeneration after percutaneous needle puncture, specifically after 29G and 27G bilateral AF puncture, when compared with uninjured controls. Semi-quantitative histological assessment confirmed MRI findings and strongly correlated with NP T2 values. This important result suggests that in vivo quantitative MRI may serve as a surrogate for histology in longitudinal studies of both disc degeneration and cell-based therapies for disc regeneration in mice. Interestingly, DHI exhibited only subtle changes, suggesting that this percutaneous injury technique results in mild to moderate degrees of degeneration and may be well-suited for studying cell based therapies in which residual endogenous NP cells persist and paracrine signaling is still possible. Future studies will focus on applying this model to investigate cell-based therapies for disc regeneration.
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